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Fuol rod for a nucloar roactor FUEL ROD FOR A NUCLEAR REACTOR 

FIELD OF THE INVENTION 

The invention relates to a fuel rod for a nuclear reactor which is cooled by mcano of 
water and in particular for a nuclear reactor which is cooled by means of 
prcQouriocd pressurized water. 

5 

BACKGROUND INFORMATION 

Nuclear reactors which are cooled by means of prcoouriGcd pressurized water 
comprise a core which is constituted by fuel assemblies, each fuel assembly itself 
being constituted by a cluster of fuel rods which are retained in a framework of the 
10 fuel assembly so that the rods^ having a cylindrical form^ have their axes mutually 
parallel. 



Each of the fuel rods comprises a rectilinear cylindrical tubular cladding whooc t hat 
have an axial length that is much greater than the diameter of the cross-section. 

15 Generally, the fuel rods have a length greater than 4 m and a diameter in the order 
of 10 mm. The fuel rods comprise, at the inner side of the tubular cladding, a column 
of nuclear fuel pellets which are stacked one on top of the other in the axial direction 
of the cladding which is closed, in a tight manner, at the axial ends thereof by means 
of plugs. In its operating position within a fuel assembly inside the core of the 

20 nuclear reactor, the fuel rod is arranged with the axis thereof vertical so that a first 
closure plug of the rod is at the lower portion thereof and constitutes the lower plug 
and the second plug, which is located at the upper portion of the fuel rod in the 
operating position, constitutes the upper plug. 

25 The column of fuel pellets rests with a first lower end on an end surface of a portion 
of the lower plug that is engaged inside the cladding of the fuel rod. The column of 
fuel pellets is retained inside the fuel rod by means of a helical compression spring 
which is interposed between a second upper end of the column of fuel pellets and an 
end surface of an inner portion of the upper closure plug of the rod. 
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In order to carry out perform the filling of the rods during their construction, it is 
possible to close one of the ends of the tubular cladding of the rod, for example, the 
first lower end, by engaging the lower plug in one end of the tubular cladding and 
fixing it to the cladding by means of welding. The fuel pellets which are stacked one 
on top of the other In the form of a column whose lower pellet rests on the lower plug 
of the rod are then introduced inside the cladding. The spring is then positioned and 
the upper plug is fixed, and the gases inside the cladding are then discharged, 
generally by means of a channel which is provided through the upper plug, an inert 
gas, for example, prcoouriocd pressurized helium, is introduced inside the 
cladding of the rod, and the rod is closed in a tight manner by welding a seal weld to 
the end of the channel which extends through the upper plug. 

Inside the rod, the fuel pellets are in contact with prooouriocd pressurized helium 
which reduces or prevents oxidiation of the pellets. The inert gas fills all the portions 
of the cladding which are not occupied by the column of fuel pellets and the retention 
spring. In particular, prcoourio c d pressurized helium fills the space which is 
provided between the upper end of the column of fuel pellets and the end of the 
inner portion of the upper plug in which the compression spring is arranged which 
retains the column of fuel pellets. This space constitutes a gas collection 
arrangement or plenum in which the gases discharged by the fuel pellets collect 
when the fuel rod is used in the core of a nuclear reactor. Some gases may be 
formed in particular by fission reactions of specific elements which are contained in 
the fuel pellets. The pressure at the inner side of the cladding of the rod therefore 
has a tendency to increase ovjina due to the fact that gas i&being released by 
the column of fuel pellets and it . It is necessary to provide a plenum which has 
sufficient volume to prevent too strong an internal prcoourioation pressurization 
of the rod during operation. 

With fuel rods whooc that have pellets comprigc comprisina a mixed oxide of 
uranium and plutonium or a mixture of oxides of uranium and plutonium (MOX fuel), 
the volume of the plenum between the upper portion of the column of fuel pellets 
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and the end surface of the inner portion of the upper plug of the fuel rods is generally 
insufficient to connpletely ensure the tightness of the rod during operation. It is not 
possible to significantly increase the length of this space and therefore the length of 
the spring, which is not desirable in any case in so far as this extension of the upper 
plenum and the spring would cause the design of the rods to be modified and would 
require specific production of the constituent elements of the MOX fuel rods. 

A conventional method for increasing the volume for expansion of the gases inside 
MOX fuel rods involves interposing, between the upper end surface of the lower 
plug inside the cladding and the first lower end of the column of fuel pellets, a 
cross-member or shim of stainless steel or zirconium alloy which is constituted by a 
tube which that has a thick wall. In this manner, the MOX fuel rod comprises both an 
upper plenum and a lower plenum which extend between the lower end of the fuel 
rod and the upper end of the inner portion of the lower plug, which has the 
advantage of improving the diffusion of pellet gases towards the lower plenum which 
complements the upper plenum of the rod, balancing the hydraulic and thermal 
behaviour of the rod and reducing the operating temperature of the lower portion of 
the fuel rod. 



However, this embodiment of MOX fuel rods has the disadvantage of requiring the 
production, the storage and the positioning of tubular shims during the industrial 
production of the fuel rods. Controlling the production is made more complex and 
controls must be carriod out performed if it is desirable to prevent any risk of a 
production fault, such as the omission of a shim, during the production of a rod. 

It has also been proposed, for example, in EP-0 169 422 and JP 298 792 that there 
be provided, in lower or upper plugs of fuel rods, recesses which increase the 
expansion space for gases at the ends of the rod. Recesses of this type which 
extend both in the portion of the plug which is introduced into the cladding and in the 
portion of the plug outside the cladding lead to a significant modification of the 
design of the plugs. The increase in the expansion space owing due to the recesses 
which are machined in the plugs can be combined with the use of hollow 
cross-pieces inside the cladding between a plug and the column of fuel pellets. 
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SUMMARY 

The obi Gct A n objective of the invention is therefore to provide a fuel rod for a 
nuclear reactor which is cooled by water comprising a cylindrical tubular cladding, a 
5 column of nuclear fuel pellets which t hat are stacked one on top of the other inside 
the tubular cladding, in the axial direction of the cladding, a first plug for tight closure 
of a first axial end of the cladding of the rod arranged at the lower portion of the fuel 
rod when the rod is in an operating position inside the nuclear reactor, the cladding 
of the rod having its axis vertical, and a second plug for tight closure of the second 

10 axial end of the cladding, the column of fuel pellets resting on an inner portion. Inside 
the cladding, of the first plug, referred to as the lower plug, via a first lower end, and 
being retained inside the tubular cladding by mcano of a compression spring which 
is interposed between a second upper axial end of the column of fuel pellets and an 
inner end portion of the second plug, referred to as the upper plug, this fuel rod 

15 comprising a lower plenum which is obtained without using a tubular shim and 
without a recess being machined in the lower plug. 

To this end, the inner portion of the lower plug engaged inside the tubular cladding 
successively comprises, in the axial direction and in the direction from the first 

20 towards the second end of the cladding, a first cylindrical portion which has a 
diameter v/hich that is substantially equal to the inner diameter of the tubular 
cladding, a second cylindrical portion which has a diameter v^hich that is smaller 
than the inner diameter of the tubular cladding and a third portion which that has a 
diameter which is smaller than the inner diameter of the tubular cladding and which 

25 is greater than the diameter of the second cylindrical portion so that there remains, 
between the lateral outer surface of the third cylindrical portion and the inner surface 
of the tubular cladding, a radial clearance for passage of gas and a substantially 
planar end surface on which the first end of the column of fuel pellets rests, so that 
an annular space for expansion of gas is formed between the outer surface of the 

30 second portion of the inner portion of the lower plug and the inner surface of the 
cladding. 
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According to specific forms, taken in isolation or in combination: 

- the third cylindrical portion of the inner portion of the lower plug of the fuel rod has 
a diameter v^hicht hat is slightly smaller than the inner diameter of the cladding, 
such that there remains, between the outer lateral surface of the third cylindrical 

5 portion and the inner surface of the tubular cladding, a radial clearance for assembly 
and passage of gas of between one and two tenths of a millimetre, 

- the second cylindrical portion of the inner portion of the lower plug has a diameter 
of between 40% and 60% of the inner diameter of the tubular cladding and a length 
in the axial direction of between 8 and 10 times the inner diameter of the tubular 

10 cladding, 

- at least a portion of the fuel pellets of the column of fuel pellets comprises 
Plutonium oxide or a mixed oxide of uranium and plutonium, 

- the fuel rod further comprises, in at least one zone of the second cylindrical portion, 
extending in an axial direction, at least one cross-member which is constituted by a 

15 diametrically widened cylindrical portion of the second cylindrical portion whooc t hat 
has an outer diameter that is substantially equal to the inner diameter of the tubular 
cladding which that is reduced by an assembly clearance. 

BRIEF DESCRIPTION OF THE DRAWINGS 
20 In order to gain a better understanding of the invention, a fuel rod according to the 
prior art and a fuel rod according to the invention used as a MOX fuel rod will now be 
described by way of non-limiting example, with reference to the appended drawings 

in whichij , 

25 — Figure 1 A is a partial axial section of a fuel rod according to the prior art-^ 

— Figure 1B is a partial axial section of a MOX fuel rod according to the prior art-^ 

— Figure 2 is a partial axial section of a lower portion of a fuel rod according to the 
30 invention-. 
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—Figure 3 is a schematic axial section of the inner portion of the lower plug of a fuel 
rod according to the invention introduced inside the tubular cladding, when the plug 
is placed in position. 

5 DETAILED DESCRIPTION 

Figure 1 A illustrates a fuel rod of a prcoouriood pressurized water nuclear reactor 
which is generally designated 1 . 

The fuel rod 1 comprises a tubular cladding 2 which comprises a column of fuel 
10 pellets 3 which is closed at a first axial end with a first plug 4 and at a second axial 
end with a second plug 5, respectively. The tubular cladding 2 is constituted by a 
tube of zirconium alloy which has a length greater than 4 m and an inner diameter 
smaller than 10 mm. 



15 The fuel pellets 3 which are generally of a cylindrical form have a diameter which is 
substantially equal to the inner diameter of the tubular cladding 2, taking into 
account a very slight diametrical clearance which, at one side, allows the fuel pellets 
to be readily engaged inside the cladding when the rod is filled and allows the 
interactions between the lateral surfaces of the pellets and the cladding to be 

20 minimiocd minimized when the pellets expand under the effect of radiation when 
the rod is in an operating position in the core of a nuclear reactor. 

The column of fuel pellets rests, with the lower end thereof (lower surface of the first 
fuel pellet 3a) on a substantially planar end surface of an inner portion 4a of the plug 
25 4 which is engaged inside the tubular cladding 2. 

The fuel pellets 3 are stacked one on top of the other at the inner side of the cladding 
2 in the direction of the axis 7 of the tubular cladding v^hicht hat constitutes the 
vertical axis of the rod in an operating position. 



30 



The upper end of the column of fuel pellets constituted by the upper surface of the 
fuel pellet 3b arranged at the upper portion of the pellet column is at a given distance 
from the end surface of an inner portion 5a of the upper plug which is engaged 
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inside the cladding 2, when the rod is closed, so that a free space 6 is provided 
between the end of the fuel column and the end surface of the inner portion of the 
upper plug 5. In the free space 6, there is arranged a helical spring 8 which is 
compressed when the upper plug 5 is positioned between the end surface of the 
5 inner portion 5a of the upper plug 5 and the upper end of the column of fuel pellets 3. 

The lower plug 4 and upper plug 5 whose inner portions have a diameter which is 
substantially equal to the inner diameter of the cladding 2 are engaged in the first 
and in the second end portions of the cladding 2, respectively, are welded to the 
10 cladding, for example, by mcano of w elding using a laser beam. 

After welding the upper plug 5, the gases contained in the cladding 2 are discharged 
via a channel which extends through the plug 5 and are replaced by 
prcGouriocd pressurized helium which prevents any oxidation of the fuel pellets 
15 when the rod is used in the nuclear reactor. After filling with 

prcoouriocd pressurized helium, the end of the channel or seal weld is closed by 
mcano of welding. 

When the fuel rod 1 is in the operating position inside the nuclear reactor, the axis 7 
20 of the rod is vertical, the first end of the rod closed by the first plug, or lower plug, is 
at the lower portion of the rod and the second end portion of the fuel rod closed by 
the second rod or upper rod 5 is at the upper portion of the rod. 

When the rod is used in a nuclear reactor, the gases which are formed in the pellets 
25 of the fuel road are released and collect in the plenum 6 whooc t hat has a volume 
that is generally sufficient to limit a pressure rise up to an excessive level inside the 
cladding 2 of the rod. 

With MOX fuel rods, that io to oav f or example , rods whooo t hat have fuel pellets 
30 3, or at least a portion of the pellets, that comprise plutonium oxide, the use of a 
single upper plenum 6 is generally found to be insufficient and a lower plenum is 
produced by interposing a tubular shim which t hat has a thick wall (for reasons of 
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mechanical and thermal strength) between the first end, or lower end, of the pellet 
column and the end surface of the inner portion 4a of the lower plug 4. 



Figure 1 B illustrates a tubular shim 9 which can dolimit delimits a lower plenum in 
5 the rod 1 and which is substituted for fuel pellets in the lower portion of the column of 
pellets 3. 

The disadvantages of using a shim or a tubular cross-member of this type are set 
out above. 

10 

Figure 2 illustrates the lower portion of a fuel rod according to the invention which 
can be used as a MOX fuel rod. Corresponding elements illustrating a fuel rod 
according to the prior art in Figures 1 A and 1 B and illustrating the lower portion of a 
fuel rod according to the invention in Figure 2 are referred to by the same reference 
15 numerals. 



20 



The fuel rod 1 according to the invention, v^hooc t hat has a lower portion that Is 
illustrated in Figure 2, differs from the rod 1 according to the prior art illustrated in 
Figure 1 only in terms of the shape in which its lower plug 10 is formed. 

The lower plug 10 of the fuel rod according to the Invention may advantageously be 
produced in one piece, for example, by moano of machining a blank of zirconium 
alloy. 

25 If the rod 1 according to the invention is a MOX rod, that io to oav for example , 
if the fuel pellets 3 of the rod comprise plutonium oxide, the shape of the plug 10 
which that will be described below prevents a shim or tubular cross-member 9 from 
having to be used. 

30 The lower plug 10 of the rod 1 according to the invention comprises an inner portion 
10a which is introduced inside the first end of the cladding 2 and an outer portion 
10b which remains at the outer side of the cladding after the lower plug has been 
positioned. The plug 10 is generally generated by means of revolution about the axis 
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7 of the rod. The outer portion 1 0b has a rounded end and a groove which allows the 
rod to be gripped by a manipulation grab. The upper plug of the rod which is similar 
to the upper plug 5 of the rod according to the prior art, illustrated in Figure 1 , also 
comprises a gripping groove and a rounded end. The fuel rods can thus be taken up 
5 by a manipulation machine having a grab, both by mcanQ of the upper end thereof 
and by mcano of t he lower end thereof. 



The inner portion 10a of the plug 10 introduced inside the cladding when the plug is 
placed In position comprises three successive portions 11, 12, 13 in the axial 
10 direction 7 of the plug and the fuel rod, which are generally of cylindrical form and 
which are distinguished from each other in particular by mcano of the outer 
diameter thereof. 



The first portion 1 1 of the portion 1 0a v/hich t hat is engaged via the first end of the 
15 cladding 2 In the lower portion thereof and the third portion 13 whicht hat is 

anranged furthest Inside the cladding 2 towards the second end thereof both have a 
diameter which is substantially equal to or slightly smaller than the Inner diameter of 
the cladding 2. A diameter which Is substantially equal to the inner diameter of the 
cladding 2 in this instance Is understood to be a diameter which is completely equal 
20 to the Inner diameter of the cladding 2, a diameter which is very slightly greater than 
the innerdiameter of the cladding 2 in order to produce a forced engagement of the 
plug, or a diameter which that is very slightly smaller than the inner diameter of the 
cladding and which t hat differs from this diameter only by a clearance which t hat 
allows gas to pass around the plug. 

25 

The second intermediate portion 12 of the plug 10 has a diameter v/hicht hat is 
substantially smaller than the inner diameter of the cladding 2. For example, for a 
cladding which that has an inner diameter which t hat is slightly greater than 8 mm, 
the intermediate portion 12 of the plug 10 may have a diameter in the order of 4 mm. 
30 PrGfcrably, the The diameter of the intermediate portion 1 2 of the inner portion 
10a of the plug jr ^mav be between 40% and 60% of the inner diameter of the 
cladding. 
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The first portion 1 1 of the inner portion 10a of the plug 10 has two successive 
portions whose diameter is substantially equal to the inner diameter of the cladding 
2, as defined above. 

5 

A first portion 11a of the portion 11 has a diameter such that the plug Is introduced 
slightly with force Inside the cladding 2. when It is positioned, in order to provide a 
very good positioning of the plug, and In particular the welding shoulder thereof, at 
the end of the cladding 2 in the machine for welding the plugs. The first portion 1 1 
10 also comprises a second portion 11b v^hicht hat has a diameter wfeiefethat allows a 
very small assembly clearance 15 to be provided (for example, in the order of a 
tenth of a millimetre) between the outer surface of the portion 1 1 b of the portion 1 1 
and the inner surface of the cladding 2. 

1 5 The third portion 1 3 of the inner portion 1 0a of the plug has an outer diameter which 
is slightly smaller than the diameter of the portion 1 1 b of the portion 1 1 and therefore 
provides, with the inner wall of the tubular cladding 2 of the rod, after the plug 10 has 
been positioned, a clearance 15 which allows gas to pass which is from the column 
of fuel pellets 3 at the periphery of the third portion 1 3. The radial clearance between 

20 the third plug portion and the cladding may be, for example, ifion the order of 0.1 5 
mm and more generally between one and two tenths of a millimetre. The third 
portion 13 comprises a substantially planar end surface 14 on which the first pellet, 
or lower pellet 3a, of the fuel pellet column of MOX fuel rods comes to rest. 

25 The third portion 13 may have, as an altemative, a diameter 

which that is substantially smaller than the inner diameter of the cladding; however, 
the diameter of the third portion 13 is always substantially greater than the diameter 
of the second portion 12. 



30 



Owing to the fact that Because the intermediate portion 12 has an outer 
diameter which is substantially smaller than the inner diameter of the cladding 2, an 
annular free space 16 is provided between the outer surface of the second 
intermediate portion of the Inner portion 10a of the plug 10 and the inner surface of 
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the tubular cladding 2. This annular space 16 is In communication, via the annular 
space 1 5 whioh that is provided between the third portion 1 3 of the inner portion 1 0a 
of the plug 10 and the inner surface of the cladding, with the space of the rod 
comprising the fuel pellets 3. 

Consequently, the prooourioation pressurization gas (generally helium) and the 
gases released by the fuel pellets during operation may fill the space 16 whioh that 
constitutes an expansion space for the gases and therefore a collection 
arrangement or plenum vjhich that complements the upper plenum 6 (produced in 
the same manner as the upper plenum of the rod according to the prior art illustrated 
in Figure 1 ). 

The length of the second Intemiediate portion 12 of the inner portion 10a of the plug 
10 is determined ^^-such a manner that the volume of the complementary plenum 
16 is sufficient to perform the desired functions with regard to the expansion of the 
gases in the MOX fuel rod during operation in the nuclear reactor. This length may 
be, for example, from 8 to 1 0 times the inner diameter of the cladding of the rod. 

A length of the intermediate portion in the order of 70 mm, taking into account the 
diameters of the cladding and the intermediate portion mentioned above allows a 
free space to be reserved which constitutes the plenum 16 having a volume in the 
order of 3000 mm^. 

A lower plenum of this type best perfonns the functions of a plenum v/hicht hat 
complements an upper plenum 6 which is similar to the upper plenum of a rod 
according to the prior art. 

Figure 3 schematically illustrates the inner portion 10a of the plug vjhich t hat 
comprises the cylindrical portions 11,12 and 13, the intermediate portion 12 
allowing, over the entire length thereof, the annular space 16 to be provided in the 
lower end portion of the fuel rod. 
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Furthermore, the plug 10 comprises, by way of a variant, a cross-member 17 
which that is constituted by a diametrically widened portion of the portion 12 
vjhich t hat may preferably be in a central zone of the portion 12 which is 
substantially equidistant from the cylindrical portions 1 1 and 13. The cross-member 
5 17 whooe that has an outer diameter that has a length virhich t hat is equal to the 
inner diameter of the cladding 2 reduced by an assembly clearance guides the 
central portion of the plug inside the cladding 2, allows gas to pass through and 
prevents scorching of the cladding 2 during operation. It is possible to provide a 
plurality of cross-members similar to the cross-member 1 7 which are distributed 
10 along the length of the intermediate portion 12. 

The lower plug 10 of the rod comprising an inner portion 10a which is extended 
extensively has a very different shape from a plug according to the prior art. 
However, the positioning and the fixing of the lower plug are carried 
1 5 ou tperformed in the same manner as with a lower plug of a fuel rod according to the 
prior art. The outer portion 10b of the plug which t hat terminates in a separation 
shoulder with the inner portion 10a, along which the welding operation for sealing 
the lower plug is carried out performed , is similar to the outer portion 4b of a 
lower plug 4 according to the prior art, as illustrated in Figure 1. 

20 

The reduction in the length of the pellet column owing to the extension of the inner 
portion 10a of the lower plug 10 is compensated for by a slight increase in the 
enrichment of the nuclear fuel which is produced in particular in the case of MOX 
fuel. 

25 

Qvjing Due to the very different shapes and dimensions of the lower and upper plugs 
with fuel rods according to the invention, there is no risk during production of the two 
types of plug becoming mixed and confused when they are placed in position. A 
number of production incidents have been recorded in the past owing d ue to 
30 confusion between lower and upper plugs. 



Il85726vl 



EV 320246981 US 



12 



MARKED UP VERSION OF 
SUBSTITUTE SPECIFICATION 



The elimination of shims or tubular cross-members for reserving a lower plenum of 
the MOX fuel rods allows economies to be made in temns of production of these 
shims and operations for positioning and controlling the shims during production of 
the fuel rods. Risks connected with the shims being forgotten during production of 
the MOX fuel rods are also eliminated. It is also very simple to increase the volume 
of the free space v i ?hioht hat constitutes the lower plenum of the rod by increasing 
the length or by reducing the diameter of the Intermediate portion of the inner portion 
of the lower plug. The diameter of the intermediate portion may be a great deal 
smaller than the inner diameter of the cladding, the only limit to the reduction of this 
diameter being imposed by the mechanical strength of the lower plug in the fuel rod 
during operation in the nuclear reactor. 



Thermomechanical analyses of this new design of lower support plug have shown 
that it complies with all the criteria which prevent the following methods of damage: 
instantaneous and inconsistent excessive deformation and plastic instability and, in 
particular, spontaneous and inconsistent scorching of the portion of the plug having 
the smallest diameter. 



Furthemnore, the lower plug of a fuel rod according to the invention does not bring 
about deformation of the cladding and provides excellent support and positioning for 
the fuel pellet column. 

The Invention is not strictly limited to the embodiment which has been described. 

In this manner, the inner portion of the lower plug of the fuel rod may have a different 
shape from that which has been described, it being possible in particular for the 
shape and the dimensions of the intermediate portion to be different from the 
shapes and dimensions indicated above. 



In the same manner, the first portion and the second Intermediate portion may have 
any length in the axial direction and any shape which allows the end of the tubular 
cladding to be closed In a tight manner relative to the first cylindrical portion and the 
fuel pellet column to be supported relative to the third cylindrical portion. The third 
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cylindrical portion may have a smaller diameter than the inner diameter of the 
cladding which has a length which is substantially greater than a simple clearance 
as described above. 

The cladding and the plugs of the fuel rod according to the invention are generally 
produced In zirconium alloy but it is possible to envisage other materials, depending 
on the use of the fuel rod. 

The invention can be used not only for fuel elements for a pressurised water nuclear 
reactor but also for any fuel element for nuclear reactors which are cooled with water 
produced in the form of a rod which comprises a cladding which comprises fuel 
pellets and which is closed at the ends thereof by mcano of plugs. 
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